Individuals with bilateral vestibular hypofunction (BVH) often report symptoms of oscillopsia (the perception that the world is bouncing or unstable) during walking. Efference copy/proprioception contributes to locomotion gaze stability in animals, sometimes inhibiting the vestibulo-ocular reflex (VOR). Gaze stability requires both adequate eye velocity and appropriate timing of eye movements. It is unknown whether eye velocity (VOR gain), timing (phase), or both are impaired for individuals with BVH during walking. Identifying the specific mechanism of impaired gaze stability can better inform rehabilitation options. Gaze stability was measured for eight individuals with severe BVH and eight healthy age-and gender-matched controls while performing a gaze fixation task during treadmill walking. Frequency response functions (FRF) were calculated from pitch eye and head velocity. A one-way ANOVA was conducted to determine group differences for each frequency bin of the FRF. Pearson correlation coefficients were calculated to determine the relationship between the real and imaginary parts of the FRF and the Oscillopsia Visual Analog Scale (oVAS) scores. Individuals with BVH demonstrated significantly lower gains than healthy controls above 0.5 Hz, but their phase was ideally compensatory for frequencies below 3 Hz. Higher oVAS scores were correlated with lower gain. Individuals with BVH demonstrated ideal timing for vertical eye movements while walking despite slower than ideal eye velocity when compared to healthy controls. Rehabilitation interventions focusing on enhancing VOR gain during walking should be developed to take advantage of the intact timing reported here. Specifically, training VOR gain while walking may reduce oscillopsia severity and improve quality of life.
INTRODUCTION
During locomotion, the ability to fixate gaze on objects and use optic flow for heading is essential (Pozzo et al. 1991; Patla and Vickers 2003) . It has been suggested that the primary purpose of the vestibuloocular reflex (VOR) is to stabilize gaze during locomotion, when frequencies of head movement far exceed the compensatory capabilities of pursuit or optokinetic systems (Grossman et al. 1989; Leigh and Brandt 1993) . Functionally, gaze stability can be thought of as eye movements at the correct speed (VOR gain) that occur at the correct time (compensatory phase). Inadequate gaze stability occurs when either the eye velocity is insufficient to compensate for head velocity, or when eye movement timing is delayed. Gaze instability during walking has been attributed to loss of function of the VOR (Crawford 1964; Leigh and Brandt 1993; Fetter 2007; Badaracco et al. 2010) . After VOR failure, stationary environmental objects appear to Bjump^during walking (Crawford 1964) . However, complaints of oscillopsia are not consistent across all individuals with bilateral vestibular hypofunction (BVH) (Bhansali et al. 1993) and oscillopsiamay be more related to angular VOR capabilities than otolith (Brantberg and Löfqvist 2007) .
Current physiological vestibular function tests do not characterize walking gaze stability or the daily life impact of oscillopsia experienced by individuals with BVH. Oscillopsia has been studied using scales of symptom severity (Oscillopsia Visual Analog Scale) (Herdman et al. 2007; Badaracco et al. 2010 ) and symptom frequency (Guinand et al. 2012 ). However, oscillopsia severity and frequency do not consistently relate to physiological (i.e., VOR) or perceptual assessments of vestibular function (McGath et al. 1989; Bhansali et al. 1993; Schubert et al. 2002; Badaracco et al. 2010; Guinand et al. 2012) . Oscillopsia complaints were not consistently associated with caloric abnormalities (McGath et al. 1989) or rotational VOR gain (McGath et al. 1989; Bhansali et al. 1993) . Some studies have reported no relationship between oscillopsia and dynamic visual acuity (DVA) (McGath et al. 1989; Bhansali et al. 1993; Guinand et al. 2012 ) while others reported better DVA scores with worse oscillopsia (Schubert et al. 2002; Badaracco et al. 2010) . This disconnect between diagnostic testing and daily activities likely reflects a focus on isolated physiology necessary for diagnostics vs. more integrative systems during daily activities. Moreover, comparing oscillopsia that primarily occurs in the vertical plane during walking with active or passive gaze stability tests in the yaw plane may also contribute to the disconnect (Schubert et al. 2002; Herdman et al. 2007; Badaracco et al. 2010) . Testing methods that are more relevant to daily life activities are needed to describe the relationship between vestibular pathology, oscillopsia, and the individual outside of the laboratory testing environment.
The ability to measure eye movements and characterize the capabilities of the gaze stabilization system during more functional tasks, such as locomotion, would add to current clinical assessments. Head rotation and translation during walking includes frequency content up to 5 Hz (King et al. 1992) . It has been suggested that vestibular assessments should be more unpredictable and include higher frequency head motion (Grossman and Leigh 1990; King et al. 1992) . The challenge in assessing gaze stability during natural head movements is that the resultant eye movements could be generated from multiple sources including the following: (1) residual vestibular function (Schubert et al. 2002; Brantberg and Löfqvist 2007; Agrawal et al. 2012) ; (2) locomotion-related efference copy from spinal central pattern generators (Solomon and Cohen 1992; Combes et al. 2008; Sadeghi et al. 2012; Chagnaud et al. 2015) ; (3) central pre-programming via saccades or cerebellar gain adaptation (Herdman et al. 2001; Della Santina et al. 2002; Schubert and Zee 2010; Sadeghi et al. 2012) ; (4) proprioceptive input from the neck and legs (McCall et al. 2013; Arshian et al. 2014) ; and (5) visual following systems (Chim et al. 2013) . Gaze stability might be augmented during walking for individuals with BVH by multiple different mechanisms that would not be captured by traditional passive diagnostic testing. Thus, measuring overall gaze stability during walking and suggesting that the results are only or even primarily a measure of vestibular function in a more Bnatural^context is probably misleading.
Since gaze instability is a major complaint during walking, it seems only natural to explore gaze stability during walking. Treadmill walking provides a window for assessing gaze stability using a more natural input stimulus (Grossman and Leigh 1990). Here we compared the gain and phase relationship of pitch rotation eye and head velocity during walking on a treadmill in a group of individuals with BVH and a group of age-matched healthy individuals. We also investigated the relationship between gaze stability and oscillopsia severity. We hypothesized that individuals with BVH would have lower VOR gain and a less compensatory eye: head timing relationship in pitch.
METHODS

Subjects
Interested participants were screened by phone to ensure eligibility to participate: (1) the ability to walk unsupported on a treadmill for at least 6 min, (2) have a diagnosis of bilateral vestibular loss. Nine individuals with BVH were recruited to participate in the study from a convenience sample of individuals interested in research. Nine age-(±5 years) and gender-matched individuals were recruited to serve as a control group. One control subject was replaced due to abnormally low head impulse gains and one individual with BVH withdrew during the experiment resulting in matched samples with eight subjects per group. Hearing was not evaluated. Demographic information on the eight individuals with BVH who completed the experiment is provided in Table 1 . The average (SD) age for the healthy controls was 55.1 (13.2).
All enrolled participants provided informed consent prior to participating in any aspect of the experiment. This experiment was approved by the Institutional Review Boards at the University of Maryland and Johns Hopkins School of Medicine.
Experimental Setup
Apparatus
The experiment was conducted on a treadmill (Woodway USA, Inc) in the motion analysis laboratory at Kennedy Krieger Institute. Head and body kinematics were recorded at 120 Hz using two banks of three Optotrak camera systems (Northern Digital, Inc). Eye and head velocities were recorded with an EyeSeeCam (Interacoustics, Eden Prairie, MN) video oculography system at 220 Hz. The EyeSeeCam consists of an integrated 6 degrees-of-freedom inertial sensor to record head movements and an infrared video camera to record 2-D eye movements (Bartl et al. 2009; Schneider et al. 2009 ).
Experimental Protocol
Oscillopsia Questionnaires. Each subject completed several questionnaires including the following: (1) an OscillopsiaVisual Analog Scale (oVAS) (Herdman et al. 2007) ; and (2) the Oscillopsia Severity Questionnaire (OSQ) (Guinand et al. 2012) . The oVAS has previously been validated as a measure of oscillopsia severity and consists of a 10-cm line anchored by phrases BNone at All^and BWorst Possible.^Subjects were instructed to draw a mark across the 10-cm line to indicate the severity of oscillopsia during walking.
The distance in centimeter from the end anchored with BNone at All^is the oVAS score. The OSQ has been used to quantify oscillopsia and consists of nine symptom-related questions such as BIs it difficult for you to recognize known faces when you are walking?T he instructions are to indicate how often the subject experiences the symptoms with options and score values as follows: never (1), seldom (2), sometimes (3), often (4), and always (5). The OSQ score was the average of the nine responses. Scores of 3 or more have been interpreted as severe (Guinand et al. 2012 ). Vestibular Function Testing. A diagnosis of BVH was made based on weak (G10°/s combined per ear) or absent caloric responses and/or bilaterally pathologic head impulse test . Absence of reversal of nystagmus on sitting from supine after ice water calorics was used to verify the completeness of loss of low frequency lateral canal function. Video h e a d i m p u l s e te s t s u s i n g t h e E y e S e e C a m (Interacoustics, Eden Prairie, MN) characterized the VOR response for each semicircular canal Agrawal et al. 2014; Mantokoudis et al. 2014) . To minimize artifacts, the strap was tightened maximally and the examiner avoided touching the strap during the testing. Each subject received 5-10 head impulses in each canal plane with peak velocities between 150 and 200°/s. Methods for cervical and ocular vestibular evoked myogenic potential (VEMPS) testing have been described previously (Li et al. 2015) . Air-conducted sound stimuli 500 Hz, 125 dB SPL tone bursts with positive polarity were presented at a rate of 5 Hz monaurally to test the cervical VEMP. The cervical VEMP waveform consists of a positive peak (p13) followed by a negative peak (n23). Cervical VEMPs were classified as absent when no discernable p13 were present. Bone-conducted midline head taps delivered at Fz at the hairline were presented while subjects were instructed to maintain 20°of upward gaze. The ocular VEMP waveform consists of a negative peak (n10) followed by a positive peak (p16). Ocular VEMPS were classified as absent when Table 2 for head impulse gains no discernable n10 peak was present. VEMP and caloric testing was only done to verify completeness of BVH in the patient group. Walking Gaze Stability Measurements. The EyeSeeCam was also used to measure head and eye motion during the walking fixation tasks ). The EyeSeeCam system has previously been used to measure eye and head movements during human walking (Einhäuser et al. 2009; Dowiasch et al. 2015) . All subjects walked on the treadmill at 0.55 m/s (2 km/h). This speed was selected as individuals with BVH (1) have gaze instability while walking at 2 km/h (Guinand et al. 2012 ) and (2) were able to walk on the treadmill at 2 km/h without holding handrails in pilot experiments. A fixation point (B+^displayed in the center of a screen at a logMAR size of 1.00) was used for the three fixation walking trials (2 min each). The monitor was centered approximately 5°below the subject's standing eye height at a distance of 2.2 m. LogMAR is defined as log 10 x where x is the minimum angle resolved in arcmin, with 1 arcmin equal to 1/60° (Ferris et al. 1982) . All subjects were instructed to Bstare at the center of the plus sign^and to minimize the frequency and duration of blinks during walking trials. A 1-2-min standing rest was provided between each walking trial to minimize fatigue.
An overhead harness, which only provided support if upright equilibrium was lost, was worn by all subjects. Light touch stabilizes walking center of mass sway (Dickstein and Laufer 2004); therefore, subjects were instructed to walk without Bholding on^to the rails unless a loss of balance occurred. One individual with BVH touched the hand rail for stability in one trial and that trial was terminated and repeated.
Data Analysis
Spectral Analysis. Blinks and saccades were identified using a Kalman filter which compared actual eye velocity to predicted eye velocity (McGibbon et al. 2001) . Identified blinks and saccades were removed and missing data were then filled using a cubic spline interpolation (McGibbon et al. 2001) . Fourier transforms of vertical eye rotation velocity and head pitch velocity were calculated. One-sided power spectral densities (PSDs) and cross spectral densities (CSDs) using Welch's method (Bendat and Piersol 2000) with a 20-s Hanning window and one half overlap were then calculated with these transforms. The PSDs and CSDs were averaged across trials for each subject. Gain and phase were computed to characterize the magnitude and timing of the vertical eye velocity response to head pitch velocity at each of the 12 frequency bins of the frequency response functions (FRF). Gain is computed as the absolute value of the FRF, H xy f ð Þ, and phase is the argument of the FRF, H xy f ð Þ in degrees. The FRF averaged across subjects was defined as H xy f ð Þ ¼ P xy f ð Þ=P yy f ð Þ where P xy f ð Þ is the mean CSD between head pitch (x) and eye velocities (y) and P yy f ð Þ is the PSD of head pitch velocity (Kiemel et al. 2008) .
As a first pass analysis due to the multiple frequency bins, FRFs were averaged across repetitions for each subject and then a one-way ANOVA was used to determine whether the complex valued response for each frequency bin was different from zero. To control for family-wise error (FWE) due to multiple comparisons, alpha levels were corrected using the Holm-Bonferoni method (Holm 1979) . All p values are sorted into increasing order. For each comparison (i) the corresponding p value is compared to an adjusted alpha value based on α/(n-i + 1) where n is the total number of comparisons. This HolmBonferoni method adjusts the alpha value for each comparison based on the number of comparisons not yet compared (Holm 1979; Aickin and Gensler 1996) . Only frequency bins with responses significantly different from zero after correcting for multiple tests were used for subsequent between group comparisons. To compare gain and phase responses between groups (BVH vs. Healthy), the difference between the complex valued FRFs was compared to zero. Both gain and phase are transforms of the same complex valued FRF and as such separate statistical testing is not appropriate. Ninety-five percent confidence intervals were computed based on the complex valued FRFs for gain and phase for each frequency bin. Differences in gain and/or phase between groups were identified (1) when differences between complex valued FRFs were significantly different from zero after correcting for FWE, and (2) when the confidence intervals did not overlap. Statistical analysis on FRFs was conducted using custom software in MATLAB (MathWorks, Inc) with α = 0.05. Clinical Analysis. A one-way ANOVA was performed to identify significant group differences in video head impulse testing, and in all oscillopsia measures. To determine the relationship between gaze stability and oscillopsia, Pearson correlation coefficients were computed between oVAS scores and both the real and imaginary parts of the FRFs. The oVAS was correlated with the complex valued FRFs rather than gain and phase because gain and phase are both calculated from the same FRF value and thus cannot be analyzed separately. The real and imaginary parts of the FRF can be analyzed separately and can be related back to gain (real part) and phase (imaginary part). Sample size estimates indicated that a sample of 5-12 would be sufficient to identify group differences with power = 0.8. Analysis of clinical variables and correlation of oVAS with real and imaginary FRFs was performed using SPSS version 22. Significance was tested at α = 0.05 for all statistical tests.
RESULTS
Group Comparisons
One control subject was replaced due to abnormally low VOR gains (data not shown) and one individual with BVH withdrew during the experiment because of discomfort from wearing the EyeSeeCam and time constraints (data not shown). None of the individuals with BVH had responses to ocular or cervical vestibular evoked myogenic potentials, see Table 1 . Three individuals with BVH had asymmetric responses to bithermal water caloric testing and did not receive ice water caloric testing. One individual with BVH refused ice water caloric testing due to time constraints. Canal-specific VOR gains are presented in Table 2 . Individuals with BVH had significantly lower VOR gains for all semicircular canals (ps G 0.001), as shown in Table 2 for each subject and Figure 1 for group average gains. Individuals with BVH reported more severe oscillopsia (p G 0.001) and more frequent oscillopsia (p G 0.001) compared to healthy controls, as shown in Table 3 .
Frequency Response Functions
Eye velocity responses to head velocity for all frequency bins were significantly different from zero; therefore, group and condition analyses were conducted on all frequency bins. Individuals with BVH had significantly lower gains while walking compared to healthy individuals for frequency bins: 0.275, 0.55, 0.775, 1.125, 1.575, 2.2, 3.075, and 4.3 Hz. (ps G 0.004), as shown in Figure 2 . Despite lower gains, individuals with BVH demonstrated a stable and compensatory phase response that did not differ from healthy controls below 3 Hz. At 3 Hz, the individuals with BVH displayed a significant phase lag compared to healthy controls (p G 0.004).
There were significant correlations between oVAS scores and both the real (which corresponds to gain) and imaginary (which corresponds to phase) parts of the walking FRF, as shown in Table 3 . The majority of significant correlations during the walking condition were between the oVAS and the real part of the FRF (frequency bins 0.175, 0.275, 0.55, 0.775, 2.2, 3.075, and 4.3 Hz), which corresponds to gain. Only one frequency bin (3.075 Hz) was significantly correlated with the imaginary part of the FRF, which corresponds to phase (Table 4) .
DISCUSSION
In this experiment, gaze stability during treadmill walking was compared between a group of individuals with severe BVH and a group of age-matched healthy individuals. Overall, individuals with BVH reported more severe oscillopsia and had lower VOR gains on clinical head impulse testing. During walking, individuals with BVH displayed lower gains as frequency increased compared to healthy controls. The lower eye/head velocity gain during walking for individuals with BVH was consistent with low VOR gains measured with video head impulses. This suggests that the gain component of the FRF may be directly attributable to vestibular function. In contrast, individuals with BVH demonstrated ideally compensatory phase for frequencies below 3 Hz. When walking, individuals with BVH had lower velocity eye movements, but they were appropriately timed. These results suggest that the timing for eye movements in response to head motion during walking was not dependent on a fully functioning vestibular system. Animal investigations have identified proprioception and spinal efference copy signals as mechanisms that contribute to control of eye movements during locomotion (Solomon and Cohen 1992; Combes et al. 2008; Shanidze et al. 2010; Sadeghi et al. 2012; McCall et al. 2013 ). The compensatory phase we observed at frequencies below 3 Hz   TABLE 2 Canal-specific video head impulse test Lat lateral semicircular canal, Ant anterior semicircular canal, Post posterior semicircular canal, (R) right, (L) left for individuals with BVH while walking suggests that timing information is available for feed forward control of gaze stability. This is consistent with prior research describing efference copy enhanced gaze stability for self-generated head movements (Herdman et al. 2001; Della Santina et al. 2002; Schubert et al. 2006) .
Whether the timing information came from an efference copy/central pattern generator or somatosensory contributions to the central vestibular system, the overall effect during walking appears to be enhanced gaze stability. Despite slower eye velocity, timing was ideally compensatory, such that close to the middle of the arc of head rotation, the eyes would also be near the middle of their movement arc allowing stable vision. The specific mechanism contributing this timing information cannot be elucidated based on this experiment. The ideal timing suggests that the pursuit system is not likely responsible since onset latencies of the smooth pursuit system of ∼100 ms are much longer than the typical VOR latency of 7-13 ms or other anticipatory behaviors (Lencer and Trillenberg 2008) . This suggests that the pursuit system may not be responsible for the compensatory timing of eye movements during walking.
Additional mechanistic studies are needed to determine what if any role the pursuit system contributes to ongoing steady state walking gaze stability. Additionally, future studies should investigate how much stable image time is needed for functional gaze stability during walking. Additionally, future studies should elucidate the mechanisms which drive the timing of eye movements during walking.
Individuals with BVH reported that oscillopsia symptoms were more severe and more frequent compared to the matched controls in this experiment. Previous attempts to relate subjective reports of oscillopsia to measures of vestibular function have been inconsistent (McGath et al. 1989; Bhansali et al. 1993; Grunfeld et al. 2000; Schubert et al. 2002; Herdman et al. 2007; Badaracco et al. 2010; Guinand et al. 2012) . In this experiment, the real part of the gaze stability FRF was positively correlated with oVAS scores during walking. This corresponds to higher oVAS scores (greater oscillopsia severity) being associated with lower gain during walking. Practically speaking, gaze instability could be caused by inadequate gain, non-compensatory phase, or both (Wist et al. 1983) . In this experiment, individuals with BVH demonstrated inadequate gain but compensatory OSQ Oscillopsia Severity Questionnaire, oVAS Oscillopsia Visual Analogue Scale phase during walking below 3 Hz. Interestingly, the only frequency bin with a significant correlation between the imaginary part of the FRF (phase) and oVAS scores was 3.075 Hz. This was also the only frequency where individuals with BVH had a significant phase delay relative to the healthy controls. Subjective ratings of oscillopsia severity were primarily associated with aspects of impaired gaze instability for these individuals with BVH. Our results differ from a recent report in which gaze stability was measured by DVA (Guinand et al. 2012 ). This discrepancy may be due to differences in how gaze stability or oscillopsia was measured. In the present experiment, gaze stability was the relationship between eye and head velocity, while in the other experiment DVA was the measure of gaze stability (Guinand et al. 2012) . While DVA scores are related to VOR gain (Schubert et al. 2006) , DVA scores only account for 45 % of the variance in VOR gain abnormalities for individuals with vestibular disease. Additionally, Guinand et al. (2012) reported oscillopsia frequency rather than oscillopsia severity. Currently, there is not an activity participation scale characterizing the impact of oscillopsia symptoms on daily life activities. A better understanding of the relationship between gaze stability and activity participation could lead to more specific intervention strategies that improve functional behavior and quality of life. Individuals with BVH often also present with gait and balance impairments that may contribute to changes in activity independent of oscillopsia. Future work is needed to determine whether oscillopsia independently contributes to activity participation.
The results from this experiment demonstrated that gaze stability may be better during walking for individuals with BVH in ways not predicted by passive testing. Individuals with BVH may benefit from gaze stabilization activities performed while walking in order to take advantage of the walking-specific phase enhancement in gaze stability. Recent advances in vestibular rehabilitation demonstrate that incremental VOR gain adaptation can directly increase VOR gain (Schubert et al. 2008; Fadaee and Migliaccio 2016) . It is not clear whether this enhancement can be leveraged to facilitate better gaze stability during walking for individuals with BVH, and future studies are needed.
Limitations
The individuals with BVH in this study may have residual vestibular function, particularly in the vertical semicircular canals, which may have contributed to the results. Some of the healthy individuals had hyperfunctional vertical semicircular canal VOR gains which may reflect testing artifact such as goggle slippage (Mantokoudis et al. 2015) . Goggle slippage artifact is less likely during the walking portion of the experiment since head velocities were significantly lower. However, this population may be more representative of individuals with bilateral vestibular disease who are referred to rehabilitation (Ward et al. 2013; Lucieer et al. 2016) . The results of this study may not be generalizable to individuals with surgically induced bilateral vestibular loss. 
CONCLUSION
Intrinsic knowledge of timing during walking possibly via a locomotion efference copy contributes to gaze stability during walking for individuals with BVH. Oscillopsia scores were related to the specific component of gaze stability that was impaired, namely gain but not phase. Rehabilitation interventions focusing on enhancing VOR gain during walking should be developed to take advantage of the intact timing reported here. Specifically targeting the impaired component of walking gaze stability (VOR gain) may reduce complaints of oscillopsia severity and improve quality of life.
TABLE 4
Correlation coefficients between scores on oVAS scores and the real and imaginary parts of gaze stability FRFs during walking. FRF frequency response function, oVAS Oscillopsia Visual Analog Scale
